Leishmania-specific cytotoxic T cell response is part of the acquired immune response developed against the parasite and contributes to resistance to reinfection. Herein, we have used an immune-informatic approach for the identification, among Leishmania major potentially excreted/secreted proteins previously described, those generating peptides that could be targeted by the cytotoxic immune response. Seventy-eight nonameric peptides that are predicted to be loaded by HLA-A*0201 molecule were generated and their binding capacity to HLA-A2 was evaluated. These peptides were grouped into 20 pools and their immunogenicity was evaluated by in vitro stimulation of peripheral blood mononuclear cells from HLA-A2 + -immune individuals with a history of zoonotic cutaneous leishmaniasis. Six peptides were identified according to their ability to elicit production of granzyme B. Furthermore, among these peptides 3 showed highest affinity to HLA-A*0201, one derived from an elongation factor 1-alpha and two from an unknown protein. These proteins could constitute potential vaccine candidates against leishmaniasis.
Introduction
Leishmaniasis represents a heterogeneous group of diseases with an estimated incidence of 2 million cases annually worldwide [1] . They are caused by protozoan parasites of the genus Leishmania and are transmitted by the bite of infected sand flies. The disease is characterized by a spectrum of clinical manifestations determined by the species of Leishmania and the immune response of the host to the parasite [2] . It ranges from asymptomatic infections to cutaneous or fatal visceral forms. Most individuals who developed leishmaniasis or symptomless infection are resistant to subsequent infections, which makes vaccine development rational [3] . Studies of anti-Leishmania vaccine candidates have advanced in recent years due to the understanding of the cell-mediated immunological mechanisms for controlling infection. However, no efficient vaccine is available for human use as of today and Leishmania vaccine development has proven to be a difficult and challenging task.
In common with other intracellular pathogens, cellular immune responses are critical for protection against leishmaniasis [4] . Considerable evidence suggests that Leishmania major infection induces the development of a Th1 response that not only controls the primary infection but also results in a lifelong immunity to reinfection. Protection against Leishmania infection has been shown to involve CD4 + and CD8 + T cells [5] [6] [7] [8] [9] . Indeed, peripheral blood mononuclear cells (PBMCs) obtained from individuals with active or healed localized cutaneous leishmaniasis proliferate and produce Th1 type cytokines, when stimulated in vitro with Leishmania antigens [10] [11] [12] . However, previous reports indicate the implication of CD8 + T cells in immunoprotective mechanisms in CL as well as the establishment of a Th1 response, mainly through the production of IFN-γ [12] Although cytokine production is thoroughly analyzed, the involvement of cytotoxic activity in protection remains undefined. Previously, we have shown that cytotoxic activity specific of Leishmania major (L. major) is developed by individuals living in areas of L. major transmission [13] and seems to play a crucial role in resistance to re-infection (Louzir H, 2005, unpublished data). Similar data suggest that CD8 + T cells may have a protective role in subclinical infection [14] . Contrastingly, evidence has been accumulated regarding the role of CD8 + T cells in the pathophysiology of CL. Indeed, these cells have been involved in the chronicity of Leishmania infection by exacerbating the tissue lesions, as described in mucocutaneous leishmaniasis caused by L. braziliensis [14] [15] [16] . Such controversy regarding the role of cytotoxicity in the pathogenesis of human leishmaniasis indicates that the functions of CD8 + T cells remain to be established. Furthermore, conflicting data about the route of activation of CD8 + T cells in leishmaniasis exist, since Leishmania resides within the parasitophorous vacuole of the macrophage and it is not clear how these cells present Leishmania antigens to CD8 + T cells through class I MHC [17] [18] [19] . Several data suggest that external or secreted Leishmania antigens are able to reach macrophage cytosol to be presented by class I HLA molecules, which is a prerequisite for CD8 + T cell activation [17] [18] [19] .
Previously, we also have characterized a set of 33 Leishmania proteins that are potentially secreted by the parasite in the phagolysosomal vacuole [20] .
Herein, we have first used immuno-informatic tools to select nonameric peptides derived from the 33 Leishmania major excreted/secreted (LmES) proteins previously described based on the binding motifs of the class I MHC: HLA-A Ã 0201, which is the most frequent HLA allele in the Tunisian population (32.5%) [21] . Potentially ES proteins have been reported to contain antigens highly immunogenic and protective in vaccine models [17, [22] [23] [24] [25] . Evidence has been shown regarding the immunogenicity of Leishmania ES proteins recovered from human cutaneous leishmaniasis [26] . In silico peptide prediction was followed by experimental validation of the capacity of these peptides to bind to HLA-A2 and the analysis of their immunogenicity in naturally-exposed individuals.
Materials and Methods
Selection of study subjects Table 1 . This study has obtained the Ethical Committee approval of the Pasteur Institute of Tunis (protocol number 07-0018). Individuals were included in the study after providing informed written consent.
Epitope prediction and peptide synthesis
A set of 33 L. major genes encoding proteins that are potentially ES proteins by the parasite have previously been described in our laboratory [20] . All protein sequences were submitted to analysis by computerized HLA-binding prediction based on the freely accessible online databases: "Syfpeithi": http://www.syfpeithi.de/bin/ MHCServer.dll/EpitopePrediction.htm, HLA-peptide binding prediction site supplied by: "BIMAS": http://www-bimas.cit.nih.gov/molbio/hla_bind, "RANKPEP": http://www.http:// bio.dfci.harvard.edu/MIF/RANKPEP, and "NetMHC": http://www.cbs.dtu.dk/services/ NetMHC. "Syfpeithi", "BIMAS", and "NetMHC" programs provide peptide sequences that are likely to be presented by the HLA-A Ã 0201 molecules.
The probability for the peptides to be cleaved in the proteasome was predicted by "RANK-PEP" along with a ranking or score. All peptides predicted with at least 3 softwares were selected and purchased from Intavis Bioanalytical Instruments (Cologne, Germany). Stock solutions of single peptides (20mg/mL) were produced by dissolving freeze-dried peptides in DMSO (Sigma-Aldrich, St. Louis, MO) and kept at -80°C until use.
Parasites
L. major (Zymodeme MON25; MHOM/TN/94/GLC94) isolated from skin lesions of patients with CL was used in the present study. Parasites were cultivated on NNN medium at 26°C and 
Detection of peptides binding to HLA-A*0201 molecules on T2 cells
The affinity of peptides for HLA-A Ã 0201 molecules was evaluated by using the stabilization assay as previously described [27] . Briefly, T2 cells were incubated with human β2-microglobulin at a final concentration of 10μg/mL in the presence or not of peptides at 10μg/mL for 16h at 37°C in 5% CO 2 . Cells were then incubated with 5μg/mL Brefeldin A (Sigma-Aldrich, St. Louis, MO) for 2h at 37°C. Expression of HLA-A Ã 0201 on T2 cells was then determined by staining with fluorescein isothiocyanate-labelled anti-HLA-A2 antibody (BD Biosciences, San Jose, CA) and analyzed by flow cytometry using FACScan (BD Biosciences, San Jose, CA). Results were expressed in relative fluorescence intensity (RFI) calculated as the percentage increase of the mean fluorescence above that of the negative controls [28] .
In vitro stimulation of PBMCs with peptides
To assess whether the selected peptides could stimulate or not CD8 + T cells, we have analysed the induction of GrB and IFN-γ by stimulated PBMCs from healed ZCL individuals. PBMCs separated from heparinized blood samples using Ficoll-Hypaque (Sigma-Aldrich, St. Louis, MO) density gradient centrifugation were resuspended in RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO) supplemented with 2mM L-Glutamine (Sigma-Aldrich, St. Louis, MO), 1mM sodium pyruvate (Gibco, Invitrogen, Grand Island, NY), 100U/mL Penicillin (Sigma-Aldrich, St. Louis, MO), 100μg/mL Streptomycin (Sigma-Aldrich, St. Louis, MO), 10mM HEPES (Gibco, Invitrogen, Grand Island, NY), 20μg/mL Gentamicin (Gibco, Invitrogen, Grand Island, NY), 1X non-essential amino acids (Gibco, Invitrogen, Grand Island, NY), 2-mercaptoethanol (Gibco, Invitrogen, Grand Island, NY), and 10% (v/v) heat-inactivated human AB serum (SigmaAldrich, St. Louis, MO), [complete medium] at a concentration of 1.0x10 6 cells/mL. Peptide pools were prepared instantly by dilution with phosphate buffered saline and then added to the cell culture at a final concentration of 1μg/mL. In some experiments, peptides were added separately to the culture at a concentration of 20μg/mL. As positive control, PBMCs were stimulated with 10ng/mL of phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, St. Louis, MO) and 50ng/mL Ionomycin (Sigma-Aldrich, St. Louis, MO). All cultures were incubated at 37°C in 5% CO 2 for 5 days. Culture supernatants were then harvested and frozen at -80°C until use.
Granzyme B, IFN-γ, and IL-10 ELISA assays
Granzyme B (GrB), IFN-γ, and IL-10 levels in culture supernatants were quantified with an enzyme-linked immunosorbent (ELISA) assay (MABTECH AB, Nacka Strand, Sweden) for the first one and OptEIA set ELISA assay kit (BD Biosciences, San Jose, CA) for the others. The results were expressed as pg/mL based on the standards provided by the kits. Quantification thresholds were fixed to 100pg/mL for GrB, 45pg/mL for IFN-γ, and 20pg/mL for IL-10.
Statistical analyses
Statistical analyses were carried out by using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA). Mann-Whitney test was used to compare the induction of GrB and IFN-γ between the different study groups. Correlation between GrB and IFN-γ levels induced by peptide pools or individual peptides were estimated by use of Spearman's rank order correlation coefficient. A classification of the peptide pools according to their induction of GrB was achieved using Matlab 7.0 (Mathworks, Inc., Natick, MA). A Kruskal-Wallis test was performed to compare the rank of peptide pools.
Results

Selection of potential HLA-A*0201-binding peptides within LmES proteins
The sequence of 33 different clones of potentially ES proteins has been used. Based on computer software predictions, putative class I HLA-restricted T cell epitopes were identified. Twenty proteins were able to generate a total of 78 nonameric peptides that could be loaded by HLA-A Ã 0201 molecule ( 
Stimulation with peptide pools induces production of GrB
Given their large number and to test their immunogenicity in vitro, the predicted peptides were compiled into 20 pools as shown in Table 3 . Each pool contains peptides belonging to the same protein. Pools were tested for their ability to induce GrB secretion by PBMCs obtained from 5 HLA-A Ã 0201 + -immune donors and 2 HLA-A Ã 0201 + healthy donors. Surprisingly, low IFN-γ levels, not exceeding 45pg/mL (quantification threshold), were detected in culture supernatants of PBMCs obtained from immune individuals, stimulated with the different peptide pools. Similar results were obtained for IL-10, which was detected at low levels (ranging from 20 to 120pg/mL) in only one immune individual. Stimulation of PBMCs from these individuals with SLA or PMA/Ionomycin showed high levels of IFN-γ (data not shown).
As shown in Fig 2A, peptide pools induce variable levels of GrB in culture supernatants of PBMCs obtained from immune individuals. In contrast, for healthy donors no GrB production could be induced. Considering the variability of detected GrB levels, we have resorted to a ranking method (Fig 2C) . Classification of the 20 peptide pools corresponding to the 20 different LmES proteins was done according to their capacity to induce GrB production. The concept consists of computing the rank of the different pools for each individual and then calculating the mean rank of each pool for the 5 individuals tested. Interestingly, the Kruskal-Wallis test has revealed that the highest GrB levels were induced by the peptide pools P19, P20, P13, P18, P12, and P17 corresponding respectively to the proteins Pr78, Pr90, Pr38, Pr77, Pr37, and Pr74. GrB levels measured in culture supernatants of PBMCs stimulated with these peptide pools were significantly higher compared to those induced by the other ones (p = 0.0002). Taken together, these results allow us to rank 6 proteins among the potentially ES proteins as best generators of peptides that are recognized by PBMCs of HLA-A Ã 0201 + -immune individuals. detected in culture supernatants were very weak (< 45pg/mL) in the individuals tested with most of the peptides. Regarding GrB, no production could be detected in supernatants of PBMCs obtained from negative controls in response to stimulation with any of these peptides (data not shown). Interestingly, variable levels of GrB were detected in HLA-A Ã 0201 + and HLA-A Ã 0201 --immune donors (Fig 3A) . However, there was no statistically significant difference between HLA-A Ã 0201 + and HLA-A Ã 0201 --immune individuals (p > 0.05 for all tested peptides). Taken together, 6 peptides (E2, E6, F6, G2, G3, and G4) among the 24 tested have been shown to induce the highest levels of GrB (Fig 3B) . Furthermore, 5 peptides out of the 6 selected ones stabilized HLA-A2 molecule on T2 cells with high (F6, G2, and G3) or intermediate (E2 and G4) affinity. Only E6 showed no affinity for HLA-A2 molecule.
Discussion
For a long time, it has been a consensus that a Th1 dominant response promotes IFN-γ production, induces lesion healing, and controls parasite burden [7] . Based on this, different vaccine candidates have been selected. CD8 + T cells play a major role in controlling leishmaniasis, since growing evidence did prove their participation in the immune response against different Leishmania species studied in experimental models and humans [29, 30] . Few studies have focused on the identification of Leishmania epitopes that can be presented by class I MHC molecules to CD8 + T cells [31, 32] . Currently, there are no well-defined Leishmania CD8 + T cell epitopes, which has made it difficult to investigate how CD8 + T cell activation occurs in leishmaniasis.
Antigen-presenting cells, such as macrophages and dendritic cells have been shown to be able to capture, process, and present in a class I MHC-restricted manner various exogenous antigens including those derived from intracellular pathogens like Leishmania parasites [17, 33] . Previously, we have characterized 33 Leishmania genes coding for proteins that are probably released by the parasite in the phagolysosomal vacuole [20] .
Herein, we have analyzed these potentially LmES proteins in an attempt to identify HLA-A Ã 0201-binding peptides able to activate CD8 + T cells. We have identified 6 epitopes: E2, A1  A7  A8  B1  B7  C1  C6  C9  C11  D4  D5  D12  E3  E8  E10  E11  F4  F7  F12  G6   A2  A9  B2  B8  C2  C7  C10  C12  D6  E1  E4  E9  E12  F5  F8  G1  G7   A3  A10  B4  B9  C3  C8  D1  D7  E2  E5  F1  F6  F9  G2   A4  A11  B5  B10  C4  D2  D8  E6  F2  F10  G3   A5  A12  B6  B11  C5  D3  D9  E7  F3  F11  G4   A6  B12  D10  G5   D11   n  6  1  5  5  6  5  3  2  5  1  7  3  5  2  1  5  3  5  6  2 * Numbers 1 to 20 refer to peptide pools.
n: Number of peptides made up for each protein.
E6, F6, G2, G3, and G4 that are able to induce GrB production by PBMCs obtained from immune individuals. These peptides derived from the sequence of the Pr37, Pr38, Pr78, and Pr74 proteins. Our study is not exhaustive since the choice of the 33 potentially ES protein sequences was made out of more than 8,000 parasite protein-coding genes. In fact, there are probably additional Leishmania ES proteins that have not been described as of yet. Moreover, it is quite possible that non-excreted parasitic antigens able to generate CD8 + T cell epitopes do also exist. Our hypothesis is clear and our approach is simple. We have assumed that LmES proteins may generate peptides that could be presented to CD8 + T cells. This approach oriented us towards 4 proteins of interest. Pr74 corresponding to elongation factor-1 alpha (EF-1α), which is a multifunctional protein essentially involved in protein biosynthesis and parasite survival in infected macrophages [34] [35] [36] [37] [38] [39] . Indeed, the presence of Leishmania EF-1α in the cytosol of infected macrophages has also been demonstrated [37, 38] . Interestingly, this protein was one of the leishmanial antigens that was used for construction of the vaccine LeishDNAvax composed of MIDGE-TH1 vectors encoding 5 conserved leishmanial antigens: KMP11, TSA, CPA, CPB, and Pr74 [40] . The 3 remaining proteins were described as potentially secreted by the parasite but do not correspond to any proteins described in sequence libraries. Among them, 2 proteins Pr37 and Pr78 contain signal peptide sequences and one, Pr38 was predicted to be secreted via non-classical pathways [20] . In this study, the selection of peptides was performed using the computer-based prediction method, which constitutes a useful tool for peptide identification. However, this method is unable to predict all peptide sequences. Thus, some interesting and immunogenic peptides could be missed out and prevented from being tested in the immune response, only because in silico methods could not predict them. So the best way is to use overlapping peptides to scan all protein sequences as performed by Basu and collaborators regarding peptide identification belonging to the protein Kmp11 [31] . Nonetheless, this method could not be applied in our study because it would have given us thousands of peptides to test, which was currently not feasible for all proteins tested here. Moreover, Pelte and collaborators have previously identified one single stimulating peptide, which did not stabilize HLA-A Ã 0201 expression on T2 cells and could therefore not be presented by HLA-A Ã 0201 [41] . The paradox of T cell recognition of a peptide that fails to bind to HLA-A2 could be explained by the fact that peptides could be recognized after binding to other class I HLA molecules carried out by the patients, which could subsequently present the epitope to specific T cells. The next step was to analyse the immunogenicity of the antigenic peptides in naturallyinfected individuals. In addition to their capacity to bind to class I MHC molecules, we have assumed that these peptides exist in large quantities in the intracellular phagolysosomal vesicle. Consequently, in natural infection some peptides predicted to have high affinity in theoretical and functional tests could fail to induce significant immune response since they are not secreted or because they are in different cellular structures. By contrast, some low-affinity peptides can still be presented by class I MHC molecules because of their abundance in the intracellular phagolysosomal vesicle. For these reasons, all predicted peptides were compiled in pools and their immunogenicity tested in HLA-A Ã 0201 + -ZCL recovered individuals. Pooling peptides has been used in many previous studies [28, 32] and does not seem to be a limiting factor [42, 43] considering that all peptides are predicted with almost equal affinity for HLA binding and with same stimulatory concentrations in cultures. Unexpectedly, weak levels of IFN-γ were detected in culture supernatants of PBMCs stimulated with the different peptide pools. This cannot be attributed to the inhibition of IFN-γ production by IL-10, which was not detected in these culture supernatants. This could rather be explained by the possibility of low frequency of memory CD8 + T cells due to stimulation conditions. In fact, in the present study PBMCs were stimulated with peptide pools without adding IL-2 or anti-CD48 as done by Seyed and collaborators [32] . Our results are similar to those described in other studies using different read out systems for the IFN-γ detection in T cells, such as flow cytometry [41] or ELISPOT [28] . Results of these two studies showed a weak production of IFN-γ induced by only few peptides among those selected by using bioinformatics. Further, we have shown here that variable levels of GrB were induced by the different peptide pools, which led us to rely on the ranking method. Thus, we have selected 6 proteins as the best generators of peptides recognized by PBMCs obtained from HLA-A Ã 0201-immune individuals. Consequently, we have analyzed separately the immunogenicity of all peptides belonging to these proteins. The highest GrB levels were detected in supernatants of PBMCs stimulated with the peptides E2, E6, F6, G2, G3, and G4. Unexpectedly, these peptides have also induced GrB production in HLA-A Ã 0201-negative immune individuals. Similar results have been reported by Seyed and collaborators [32] . As discussed by the authors, this could be explained by specificity overlap between supertypes of HLA molecules and would need to be further confirmed in a larger population of individuals bearing other HLA-A alleles [32, 44] . To achieve that, we will be extending our study to map potential CD8 + T cell epitopes restricted to other common class I HLA alleles.
To better trigger the specific response to our peptides, several experiments are planned, i.e., establishing "short-term" cell lines specific of the selected peptides and analyzing their ability to induce the production of GrB, IFN-γ, IL-2, and IL-10 when co-cultured in the presence of the T2 cell line pulsed with each of the peptides, and used as antigen-presenting cells.
In conclusion, we have identified novel HLA-A Ã 0201-restricted immunogenic CD8 + T cell epitopes derived from potentially LmES proteins using in silico prediction and functional studies on PBMCs obtained from immune individuals. Proteins we have identified here could constitute potential candidate vaccine antigens.
